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(54) Photonic crystal waveguide 

(57) A two-dimensional photonic crystal slab 
waveguide is provided in which a line defect is formed, 
wherein a first width which Is a distance between centers 
of nearest two lattice points located on both sides of the 
line defect is different from a second width which is a 
corresponding distance in a normal two-dimensional 
photonic crystal slab waveguide. In addition, a two-di- 
mensional photonic crystal slab waveguide Is provided 
in which low refractive index columns in a optical 
waveguide part are placed at positions shifted from nor- 
mal positions in a normal two-dimensional photonic 
crystal slab. 
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(54) Photonic crystal waveguide 

(57) A two-dimensional photonic crystal slab 
waveguide is provided in which a line defect is formed, 
wherein a first width which is a distance between centers 
of nearest two lattice points located on both sides of the 
line defect is different from a second width which is a 
corresponding distance in a normal two-dimensional 
photonic crystal slab waveguide. In addition, a two-di- 
mensional photonic crystal slab waveguide is provided 
in which low refractive index columns in a optical 
waveguide part are placed at positions shifted from nor- 
mal positions In a normal two-dimensional photonic 
crystal slab. 
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Description 

BACKGROUND OF THE INVENTION 

1. Field of the invention 

[0001] Tne present invention relates to a photonic 
crystal waveguide which can be used as a basic struc- 
ture which forms photonic devices such as lasers and 
photonic ICs used for optical Information processing, 
optical transmission and the like. 

2, Description of the^ Related Art 

[0002] In a conventional photonic device, since light 
confinement Is carried out by using difference of refrac- 
tive Indices, a space for light confinement must be large. 
Therefore, the device can not be configured very smaU. 
In addition, when a steeply bent waveguide is used in 
order to Increase the scale of integration of the device, 
scattering loss occurs. Thus, it Is difficult to integrate 
photonic circuits and It is difficult to downsize the phot- 
onic device. As a result, the size of the photonic device 
Is much larger than that of an electric device. Therefore, 
the photonic crystal is expected to be a new photonic 
material which can solve the above-mentioned problem, 
in which the photonic crystal can perform light confine- 
ment by a concept completely different from the conven- 
tional one. 

[0003] The photonic crystal has an artificial multidi- 
mensional periodic structure in which periodicity, which 
Is almost the same as light wavelength, is formed by us- 
ing more than one kinds of mediums having different re- 
fractive Indices, and the photonic crystal has a band 
structure of light similar to a band structure of electron. 
Therefore, forbidden band of tight (photonic band-gap) 
appears i n a specific structure so th at the ph otonic crys- 
tal having the specific structure functions as a noncon- 
ductor for light. 

[0004] It is theoretically known that, when a line defect 
which disturbs periodicity of the photonic crystal is In- 
cluded In the photonic crystal, an optical waveguide 
which completely confines light and has a waveguiding 
mode in a frequency region of the photonic band-gap 
can be realized (J. D. Joannopoulos, P.R.VIIIeneuve, 
and S.Fan, Photonic Crystal: putting a new twist on light, 
Nature 386,1 43(1 997)}. J. D. Joannopoulos and others 
applied aline defect in a two-dimensional photonic crys- 
tal in which cylindrical columns having large refractive 
index almost the same as that of a semiconductor are 
arranged on a square lattice of lattice constant "a" which 
Is about light wavelength and the radius of each cylin- 
drical column Is a/5, and, J. D. Joannopoulos and others 
theoretically indicated that an optical waveguide having 
no scattering loss even when it is steeply bent can be 
realized. This waveguide can be very important for re- 
alizing a large scale Integrated optical circuit. 
[0005] In order to realize the optical waveguide for 



forming the large scale Integrated optical circuit, it is 
necessary to realize a single waveguiding mode in the 
photonic band-gap frequency band. When a multi-mode 
waveguide having a plurality of modes Is used as a bent 

5 waveguide, there Is a problem, for example, in that a 
part of mode may be converted into a different mode in 
a bending part, Thus, the multi-mode waveguide can not 
be used as an effective bent waveguide necessary for 
realizing the large scale integrated optical circuit. That 

to is the reason for requiring the single-mode. In addition, 
the multi-mode waveguide 1$ not suitable for high-speed 
communication. 

[0006] Some types of waveguides have been manu- 
factured. In the various waveguides, waveguides. using 
*5 the two-dimensional photonic crystal is promising since 
It Is very difficult to fabricate waveguides by a three-di- 
mensional photonic crystal which has full band-gap. 
[0007] When using the two-dimensional photonic 
crystal forthe waveguide, it is necessary to confine light 
20 in the direction perpendicular to the two-dimensional 
plane. Several methods has been proposed as the 
method of light confinement. In the methods, using a 
two-dimensional photonic crystal stab on oxide cladding 
Is preferable since a structure having a large area can 
25 be easily manufactured by the two-dimensional photon- 
ic crystal slab on oxide cladding and It is easy to add 
various function elements in the same structure. The 
two-dimensional photonic crystal slab on oxldecladding 
is based on a structure in which a thin semiconductor 
30 film of high refractive Index (from 3 to 3.5) Is deposited 
on a dielectric of low refractive index (oxide or polymer 
in many cases, the refractive Index Is about 1.5), 
[0008] In addition, a substrate called S I licon-On-lnsu- 
lator (SOI) substrate Is being applied to LSIs r and fligh- 
ts quality SOI substrate can be manufactured In recent 
years. The SOI substrate is formed by providing a silicon 
(Si) thin-film on silica (SiQ 2 ). By using the SOI substrate, 
there Is a merit that the two-dimensional photonic crystal 
slab on oxide cladding having high quality can be easily 
40 manufactured. The merit can not be obtained by using 
other structures (for example, two-dimensional photonic 
crystal air-bridge slab In which cladding of both sides is 
air), 

[0009] As mentioned above, the two-dimensional 
45 photonic crystal slab on oxide cladding has the advan- 
tage of being easierto manufacture than the two-dimen- 
sional photonic crystal alr-brldge slab and the like. How- 
ever, the structure has following problems so that the 
single waveguiding mode was not realized in the phot- 
50 onic band-gap frequency band according to the conven- 
tional structure. 

[0010] In waveguiding modes generated by the line 
defect in the optical waveguide of the two-dimensional 
photonic crystal slab r light Is strongly confined in the di- 
ss recti ons of the two-dimensional plane by the photonic 
band-gap and scattering loss does not exist in the direc- 
tions. However, light Is generally leaky in a high f requen^ 
cy region above a light line of cladding, that Is, the light 
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may be leaked to the cladding. (The light line represents 
the lowest frequency, with respect to propagation con- 
stant, by which light can transmit in the cladding, and, 
the light line can be represented by a line defined by 
w=ck/n (w: angular frequency, c: light speed, n: refrac- 
tive Index, k: wave number).) Therefore, it is customary 
to use a low frequency region below the light line such 
that the waveguide light does not leak to cladding layers 
of both sides. 

[00111 Figs. 1 A and 1B are schematic diagrams of a 
structure of a single missing-hole line defect photonic 
crystal waveguide of atypical air-holetype accordlngto 
a conventional technology. Fig. 1 A shows atop view and 
Fig. 1 B shows a B-B' section view. The conventional sin- 
gle missing-hole line defect photonic crystal waveguide 
can be also called as a normal two-dimensional photon- 
ic crystal slab waveguide In this specification. In Figs. 
1Aand 1B, 5 indicates an optical waveguide part, 2 in- 
dicates an Si layer, 3 indicates an Si0 2 layer which is a 
cladding layer, and 4 Indicates an air-holetriangle lattice 
point, in which the lattice constant is represented as "a". 
Each air-hole is a cylindrical cofumn or a polygon col- 
umn which penetrates the SI layer 2. The diameter of 
the air-hole is 0.215ujti in this example, In the air-hole 
triangle lattice, the air-hole is placed in each lattice point 
of the triangle lattice, me triangle lattice Is a regular lat- 
tice in wh Ich lattice points are placed on vertices of reg- 
ular triangles which are arranged over the two-dimen- 
sional plane, 

[0012] As representative two-dimensional photonic 
crystals having the photonic band-gap, there are two 
structures. One Is a structure In which columns of high 
refractive In dex are pro vl ded in air. Anoth er is a structure 
in which air-holes are provided in a high refractive Index 
layer like the above-mentioned example. (The air-hole 
can be also called a low refractive Index column or a low 
refractive index cylindrical column.) The former struc- 
ture, which was used by J. D. Joannopoulos and others, 
requires a cladding layer for supporting the columns. 
Since the refractive Index of the cladding layer Is larger 
than that of the air which Is a core for. the line defect 
waveguide, very long columns are necessary for pre- 
venting light leakage to the upper and lower sides so 
that manufacturing such structure becomes very diffi- 
cult On the other hand, as for the fatter structure, since 
the air-hole can stand by Itself, the cladding layer can 
be freely chosen, and it is easy to determine a core hav- 
ing refractive in dex largerthan that of the cladding layer. 
Thus, limitation on manufacturing is small so that it is 
easy to select structural condition that light hardly leak 
to the upper and lower sides. 

[0013] in addition, although the holes can be placed 
o n the two-di m ensional pi an e of the high refractive in dex 
plate of the photonic crystal in various way, a structure 
in which the holes (cylindrical columns or polygon col- 
umns) are arranged in a triangle lattice pattern is known 
to have the photonic band-gap ranging over a wide fre- 
quency band. This means that this structure functions 



as a nonconductor for light In wide frequency band. This 
structure is preferable since frequency can be selected 
from wide rage frequencies when designing a 
waveguide. 

5 [0014] Fig .2 shows a dispersion relation of waveguid- 
ing modes of a conventional typical single missing-hole 
line defect photonic crystal waveguide. When such 
waveguide is formed by using the two-dimensional pho- 
tonic crystal slab on oxide cladding, the wavegulding 

w modes become as shown In Flg.2, In the figure, normal- 
ized frequency represented by (lattice constant/wave- 
length) which is a dimensloniess number is used. In ad- 
dition, normalized propagation constant represented by 
(wave numberx lattice constants) is used. The light 

« line of the cladding (SIO Sl refractive index 1 ,46) Is also 
shown in Flg.2. 

[0015] in the conventional structure shown in Ffg.2, 
the wavegulding mode which satisfies the condition that 
light does not leak to the cladding I ayer is on ly in a region 

20 circled by an ellipse which Is below the light line. How- 
ever, inclination of the wavegulding mode In the region 
is very small so that group velocity (energy propagation 
velocity) of the waveguidlng mode, which Is determined 
depending on the Inclination, is very small. There are 

25 many problems for using the waveguide having the 
wavegulding mode of very small group velocity since 
time for light transmission becomes long, in addition, 
since heterogeneity exist in an actual structure to some 
extent, the mode of very smafi group velocity Is affected 

bo by the heterogeneity so that light may not propagate. In 
addition, in the mode above the light tine (high frequency 
region), light can not propagate since diffraction loss In 
the photonic crystal Is too large. That is, light in the pho- 
tonic crystal waveguide propagates while being per- 

ss turbed by periodic structure of the photonic crystal, and 
light leaks to the cladding layer by diffraction toss In the 
mode above the light fine, 

[0016] The inventors actually manufactured the con- 
ventional single missing-hole line defect photonic crys- 

40 tal waveguide. However, light propagation was not de- 
tected at ali. The cause of the problem Is that there is 
no realistically usable waveguidlng mode which has a 
group velocity which is not too small below the light line, 
and that the diffraction loss is very large in the region 

45 above the light line* 

[0017] In orderto use the mode below the light line, it 
is necessary to move the light line upward or to move 
the waveguidlng mode appropriately in the graph of Fig. 
2. However, as long as the oxide cladding structure is 

50 used 1 since the position of the light line is determined 
by the refractive index of the cladding, the position of 
the light line can not be changed largely. As for the 
wavegulding mode, as long as the single-mode within 
the band-gap should be used, It is difficult to obtain a 

55 waveguiding mode having large group velocity below 
the light line by using the structure shown in Fig.1 . As 
for crystal structures other than the triangle lattice such 
as square lattice, it is more difficult to obtain such 
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waveguiding mode. Therefore, it is very difficult to use 
waveguiding modes below the light line. 
[0018] The conventional technology will be described 
further from another viewpoint In the following, 
[0019] Figs. 3A-3C are figures for explaining the con- s 
ventional single mtsslng-hole line defect photonic crys- 
tal waveguide (optical waveguide), Fig,3A shows a top 
view of the optical waveguide, Flg.3B shows an A-A' 
section view, and Flg.3C shows a B-B' section view. 
[00201 fn Flg.3A t the optical waveguide 30 Includes 
dielectric thin-film slab 31 (which corresponds to the 
above-mentioned high refractive index plate) sand- 
wiched between a top cladding layer 36 and a bottom 
cladding layer 37. A photonic crystal structure Is formed 
in the dielectric thin-film slab 31 by providing low refrac- 
tive Index cylindrical columns 35 having lower refractive 
index than that of the dielectric thin-film slab 31 In a tri- 
angle lattice pattern, in addition, one line of the low re- 
fractive index cylindrical columns 35 is replaced by a di- 
electric having the same refractive index as the dielec- 
tric thin-film slab 31 such that the part of the one line 
can be used as an optical waveguide part 32. Arrows 
< — > In the optical waveguide part 32 Indicate optical 
propagation directions. The waveguide shown In Flg,1 
is an example of a structure shown in Fig.3 in which the 
top cladding layer 36 and the low refractive index cylin- 
drical column 35 are air, the bottom cladding layer 37 Is 
SI0 2 , and the dielectric thin-film slab 31 Is SI. 
[0021] Here, It Is assumed that refractive indices of 
the dielectric thin-film slab 31, the low refractive Index 
cylindrical column 35, the top cladding layer 36 and the 
bottom cladding layer 37 ar© ^=3.5, ng=1A 
n 3 =n4=1,46 respectively, and that radius of the low re- 
fractive index cylindrical column 35 is 0,275a and thick- 
ness of the dielectric thin-film slab 31 Is 0.50a, In which 
"a" represents the lattice constant (triangle lattice in this 
example) of the photonic crystal. The low refractive in- 
dex cylindrical column 35 havlngthe refractive index 1 .0 
Is the same as an air-hole. Characteristics of the optical 
waveguide 30 will be described In the following. 
[0022] These refractive indices of the optical 
waveguide 30 correspond to those of Si, air (vacuum) 
and Si0 2 which are often used for forming waveguides 
targeted forinfrared light for optical communication hav- 
ing a wavelength about 1 .55um. 
[0023] Since a relative dielectric constant corre- 
sponds to a square of refractive Index, "relative dielec- 
tric constant" or "dielectric constant" can be used in- 
stead of "refractive index" in this specification. 
[0024] Figs.4A-4C are figures for explaining 
waveguiding modes of the above-mentioned optical 
waveguide. Fig,4A shews dispersion curves of 
waveguiding modes which can propagate through the 
optica! waveguide part. The dispersion curves of 
waveguiding modes are obtained by using a plane wave 
expansion method (R.D.Meade et a1„Physical Review 
B 48,8434(1993)) to which periodic boundary condition 
is applied. This figure is similar to Flg.2. Fig.4B shows 



magnetlcf ield component perpendlcularto the dielectric 
thin-film slab according to a mode 1 in Fig.4A, and Fig. 
4C shows magnetic field component perpendicular to 
the dielectric thin-film slab according to a mode 2 in Fig. 
4A. 

[0025] Each amount In Ftg.4A is normalized by the lat- 
tice constant or speed of light a The diagonally shaded 
regions correspond to the outside of photonic band-gap 
(J D. JoannoPoulos, R D. Meade,J N.Winn, "Photonic 
Crystals", Princeton University Press, Princeton 
(1995)), that is, the diagonally shaded areas show re- 
gions in which light can not be confined in the optical 
waveguide part 32 (A.Mekis et aL.Physical Review B 
58,4809(1998)). 

[0026] In the vertical line hatching region, power of 
light confinement caused by difference of refractive in- 
dices between the dielectric thin-film slab 31 and the top 
cladding layer 36/bottom cladding Iayer37 is weakened 
so that light can not be confined in the optical waveguide 
part 32 (S G. Johnson et al., Physical Reviews 60 ,5751 
(1999)). The vertical line hatching region corresponds 
to the before-mentioned above region of the light line. 
That is r a region to be considered used for the 
waveguide is only a white region In Fig.4A. 
[0027] As is understood by the figure, two waveguid- 
ing modes 1 and 2 exist in the white region of the con- 
ventional optical waveguide 30. Further waveguiding 
modes may exist when the band-gap is wider, however, 
the two modes 1 and 2 will be considered here for the 
sake of simplicity. The mode 1 corresponds to the mode 
circled by the ellipse in Fig.2, and the mode 2 corre- 
sponds to the mode of upper dotted line. 
[0028] In these two modes 1 and 2, the mode 1 in the 
low frequency side generally has magnetic field distri- 
bution shown In Flg.43, and the mode 2 In the high fre- 
quency side generally has magnetic field distribution 
shown in Fig.4C. 

[0029] Inthesewaveguldlngmodesl and2,themode 
1 Is practical since the mode 1 has electric field distri- 
bution almost the same as that of a general single-mode 
waveguide. On the other hand , electric field distribution 
of the mode 2 is largely different from that of the general 
signal-mode waveguide. Therefore, it is difficult to con- 
duct light from an outside circuit by using the mode 2. 
That is, the mode 2 Is not a practical waveguiding mode. 
In addition, in the same way, it is clear, from general ar- 
gument of wavegu I de, that waveguiding modes of high- 
er frequency side which appears when the band-gap is 
wide is not practical since the waveguiding mode is 
largely different from that of the general single- mode 
waveguide. 

[0030] Thus, the mode 1 is used for the conventional 
waveguide. However^ as Is known from Rg.4A, since the 
frequency hardly change even when the propagation 
constant change in this mode 1 , the mode 1 has a defect 
that usable frequency band is very small. In this exam- 
ple, the frequency band is about 1%. 
[0031] The fact that the frequency hardly change even 
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when the propagation constant change means that the 
group velocity of the waveguiding mode is very low. 
Therefore, the conventional waveguide has a defectthat 
transmission time becomes very long, and propagation 
loss dueto absorption and scattering loss In waveguide 
becomes large, 

SUMMARY OF THE INVENTION 

[0032] An object of the present Invention Is to solve 
the above-mentioned problems In the photonic crystal 
waveguide and to provide a two-dimensional photonic 
crystal slab waveguide allowing single-mode transmis- 
sion In which group velocity is increased and propaga- 
tion loss is decreased. 

[0033] The above object can be achieved by a two- 
dimensional photonic crystal slab waveguide in which a 
part of holes in a lattice structure of a two-dimensional 
photonic crystal slab do not exist linearly so that a line 
defect is formed, wherein: 

a first width which Is a distance between centers of 
nearest two lattice points located on both sides of 
the line defect is different from a second width which 
is a distance between centers of nearest two lattice 
points located on both sides of a line defect in a nor- 
mal two-dimensional photonic crystal slab 
waveguide which simply tacks holes of a single line. 

[0034] In the two-dimensional photonic crystal slab 
waveguide, the first width may a value from 0.5 times to 
0.85 times of the second width. 
[003S] According to the Invention, since the first width 
which Is a distance between centers of nearest two lat- 
tice points located on both sides of the line defect Is dif- 
ferent from the second width which is a corresponding 
distance in a normal two-dimensional photonic crystal 
slab waveguide, an optica! waveguide which can form 
a single waveguiding mode having large group velocity 
below the light line can be provided. The two-dimension- 
al photonic crystal slab waveguide may be cafled a sin- 
gle m Issl ng-hole line defect p h otonic crystal waveg u ide, 
[0036] In the two-dimensional photonic crystal slab 
waveguide, the lattjce structure may be formed by air- 
hole triangle lattices, and the two-dimensional photonic 
crystal slab waveguide may Include an oxide cladding 
or a polymer cladding. In addition, the two-dimensional 
photonic crystal slab waveguide may be formed by us- 
ing a Siiicon-On-lnsulator (SOI) substrate. 
[0037] In the two-dimensional photonic crystal slab 
waveguide, the first width may be wider than the second 
width in which a single-mode appears in a high frequen- 
cy side of a light line of cladding In a dispersion relation 
of waveguiding modes of the two-dimensional photonic 
crystal slab waveguide having the first width, and the 
first width may a value from 1.3timesto 1 .6 times of the 
second width. 

[0036] According to the Invention, an optical 



waveguide can be provided which can form a single 
waveguiding mode of low loss above the light line can 
be provided. 

[0039] The above object can be also achieved by a 
5 two-dimensional photonic crystal slab waveguide In 
which dielectric cylindrical or polygon columns having 
lower refractive index than that of a dielectric thin-film 
slab are provided In then dielectric thin -film slab in a two- 
dimensional lattice pattern, and the dielectric thin-film 
«i slab Is sandwiched by a top cladding layer and a bottom 
cladding layer which have lower refractive index than 
that of the dielectric thin-film slab, wherein: 

positions of dielectric columns which form one line 
is of the lattice of two-dimensional photonic crystal 
slab for an optical waveguide part are shifted In an 
optical propagation direction. 

[0040] That is, the dielectric columns in an optical 
20 waveguide part in the two-dimensional photonic crystal 
slab waveguide are located at positions which are shift- 
ed In an optical propagation direction from positions at 
which the dielectric columns should be positioned In a 
normal two-dimensional photonic crystal slab. 
25 [0041] Also according to the invention, an optical 
waveguide which can form a single waveguiding mode 
having large group velocity below the light line can be 
provided. The dielectric cylindrical or polygon columns, 
or the dielectric columns are low refractive Index col- 
50 umns having lower refractive index than that of the die- 
lectric thin-film slab. 

[0042] In the two-dimensional photonic crystal slab 
waveguide, a first diameter of the dielectric columns In 
the optical waveguide part may be different from a sec- 
3s ond diameter of other dielectric columns located In parts 
other than the optical waveguide part, and the first di- 
ameter is a value by which the dielectric columns does 
not contact with the other dielectric columns. 
[0043] In addition, In the two-dimensional photonic 
40 crystal slab waveguide, positions of dielectric columns 
which form one line of the lattice of two-dimensional 
photonic crystal slab for an optical waveguide part may 
be shifted in an optical propagation direction by a half 
of the lattice constant of the normal two-dimensional 
45 photonic crystal slab. 

[0044] That is, each dielectric column of dielectric col- 
umns in the optical waveguide part may be apart from 
a position at which the each dielectric column should be 
positioned inthe normal two-dimensional photonic crys- 
50 tal slab by a half of the lattice constant of the normal 
two-dimensional photonic crystal slab, 
[0045] In the two-dimensional photonic crystal slab 
waveguide, the dielectric cylindrical or polygon columns 
may be arranged In a triangle lattice pattern having a 
55 lattice constant "a", a radius or a half-breadth of the di- 
electric cylindrical or polygon columns is from 0.2a to 
0.45a, and the radius or half-breadth (s determined such 
that the dielectric cylindrical or polygon columns do not 
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contact with dielectric columns in the optical waveguide 
part, 

[0046] In the two-dimensional photonic crystal slab 
waveguide, a refractive Index of the dielectric th I n-fllm 
slab may be from 3.0 to 4.5, and each of refractive Indi- 
ces of parts other than the dielectric thin-film slab may 
be from 1.0 to 1,7. 

[0047] In addition, in the two-dimensional photonic 
crystal slab waveguide, the dielectric cylindrical or pol- 
ygon columns may be arranged in a square lattice pat- 
tern having a lattice constant "a", a radius or a half- 
breadth of the dielectric cylindrical or polygon columns 
is from 0.35a to 0,45a, and the radius or half-breadth Is 
determined such that wherein the dielectric cylindrical 
or polygon columns do not contact with dielectric col- 
umns In the optical waveguide part, 
[0048] Further, In the two-dimensional photonic crys- 
tal slab waveguide, silicon, germanium, gallium arse- 
nide base compound, indium phosphide base com- 
pound, or indium antimony base compound may be 
used as a material of the dielectric thin-film slab, and 
silica, polytmlde base organic compound, epoxy base 
organic compound, acrylic base organic compound, air 
orvacuummay be used as a material of parts otherthan 
the dielectric thin-film slab. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0049] Other objects, features and advantages of the 
present invention will become more apparent from the 
following detailed description when read in conjunction 
with the accompanying drawings, In which: 



[0050^ The optical waveguide In the embodiments is 
structured such that, En a two-dimensional photonic 
crystal slab waveguide in which a part of holes in a lattice 
structure of a two-dimensional photonic crystal slab do 
not exist linearly so that a line defect is formed, a first 
width which is a distance between centers of nearest 
two lattice points located on both sides of the line defect 
is narrower (first embodiment) or wider (second embod- 
iment) from a second width which is a distance between 
centers of nearest two lattice points located on both 
sides of a line defect In a normal two-dimensional pho- 
tonic crystal slab waveguide which simply lacks holes 
of a single line. By forming the waveguide in this way, a 
structure having low loss and large group velocity, and 
enabling a single waveguiding mode can be realized 
while light confinement Is performed by using photonic 
band-gap and difference of refractive Indices. 



Figs/I A and 1 B are schematic diagrams of a struc- 
ture of a single mtsslng-hole line defect photonic ss 
crystal waveguide of a typical air-hole type accord- 
ing to a conventional technology, in which Fig.lA 
shows a top view and Fig. 1 B shows a B-B' section 
view; 

Fig.2 shows a dispersion relation of waveguiding *o 
modes of a conventional typical single missing-hole 
line defect photonic crystal waveguide; 
Figs.3A-3C are figures for explaining the conven- 
tional single missing-hole line defect photonic crys- 
tal waveguide (optical waveguide), in which Fig.3A 
shows a top view of the optical waveguide, Ftg.3B 
shows an A-A* section view, and Fig,3C shows a 
B-B 1 section view; 

Figs.4A-4C are figures for explaining waveguiding 

modes of the conventional single missing-hole line 50 

defect photonic crystal waveguide; 

Figs.5A and 5B are figures showing a structure of 

a single missing-hole line defect photonic crystal 

waveguide according to a first embodiment of the 

present invention, in which Fig.BA shows atop view 55 

and Fig.SB shows a B-B' section view; 

Fig. 6 shows a dispersion relation of waveguiding 

modes of the single missing-hole tine defect phot- 



onic crystal waveguide according to the first embod- 
iment of the present invention; 
Fig. 7 is a figure for explaining Fig,6; 
Flg$,8A and 8B show results of theoretical calcula- 
tion of waveguiding mode dispersion in the cases 
where the width of the optical waveguide part is 
0.85W and 0.50W respectively; 
Flgs,9A and 9B are figures showing a structure of 
a single missing-hole line defect photonic crystal 
waveguide according to a second embodiment of 
the present invention, in which Fig. 9A shows atop 
view and Fig.9B shows a B-B 1 section view; 
Fig. 10 shows a dispersion relation of waveguiding 
modes of the single missing-hole line defect phot- 
onic crystal waveguide accord I ng to the s eco nd em- 
bodiment of the present invention; 
Fig. 11 shows dependence of bandwidth of single- 
mode above the light line (shown by dotted line) and 
propagation loss (shown by solid line) on the width 
of the optical waveguide part according to the sec- 
ond embodiment of the present Invention; 
Flgs.12A-12C are figures for explaining about mode 
calculation of the two-dimensional photonic crystal 
waveguide; 

Figs.13A-13B are figures for explaining a two-di- 
mensional photonic crystal slab waveguide of an 
example 3-1 , In which Flg.13A shows a top view of 
the optical waveguide and Flg.13B shows an A-A 1 
section view; 

Figs.14A-14C are figures for explaining waveguid- 
ing modes in the photonic crystal waveguide in the 
example 3-1 ; 

Figs.15A-15B are figures for explaining a two-di- 
mensional photonic crystal slab waveguide of an 
example 3-2, In which Fig.15A shows a top view of 
the optical waveguide and Fig,15B shows an A-A 1 
section view. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 
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[0051 1 In addition, the same effect can be obtained by 
shifting the position of one line of low refractive index 
columns (air-holes and the like) in the light propagation 
direction, or, in addition to that, by changing the radius 
of the holes (third embodiment), 
[0052] The two-dimensional photonic crystal slab is a 
photonic crystal in which dielectric cylindrical or polygon 
columns having lower refractive Index than that of a di- 
electric thin-film slab are provided In the dielectric thin- 
film slab in a two-dimensional lattice pattern, and the 
dielectric thin-film slab is sandwiched by a top cladding 
layer and a bottom cladding layer which have lower re- 
fractive index than that of said dielectric thin-film slab. 
The top or bottom cladding layer and/or the dielectric 
cylindrical or polygon columns may be air or vacuum. 
[0053] In the following, embodiments of the present 
Invention will be described. 

<First embodiment 

EC054] First, the first embodiment of the present in- 
vention will be described In the following. 
EQ055] Figs.SA and SB are figures showing a structure 
of a single mlsslng-hole line defect photonic crystal 
waveguide according to a first embodiment of the 
present invention. The single missing-hole line defect 
photonic crystal waveguide can also be called as a two- 
dimensional photonic crystal slab waveguide. Fig.SA 
shows atop view and Fig,5B shows a B-B" section view. 
In this embodiment, single line defect is formed In a two- 
dimensional photonic crystal slab on oxide cladding by 
removing holes of the single line r and, width of the line 
defect (In other words, width of the optical waveguide 
part 5) is tuned by shifting positions of the whole crystal 
lattices of both sides of the line defect. As a result, single 
waveguiding mode having a large group velocity below 
the light line of the cladding can be obtained. In first and 
second embodiments, the width of the line defect and 
the width of the optical waveguide part have the same 
meaning, in which the width Is a distance between cent- 
ers of nearest two lattice points located on both sides of 
the line defect. 

[0056] That is, an air-hole triangle lattice photonic 
crystal of lattice constant a=0\39u.m was manufactured 
on an SOI substrate consisting of an Si layer 2 of 0,2ujm 
t hickn ess and an S I0 2 layer of 2 ,3 pun thickness by el ec- 
tron beam lithography and dry etching l and, various sin- 
gle-line defects of various width were applied to the air- 
hole triangle lattice photonic crystal. Tuning of the width 
of a waveguide part ts performed by shifting crystal lat- 
tices of both sides of the line defect by a predetermined 
distance in a direction perpendicular to the line defect. 
[0057] The width of the line defect of a normal single 
mlsslng-hoie line defect photonic crystal waveguide 
{which may be called a normal width W) is defined as a 
distance between centers of nearest lattice points 4 of 
both sides of the line defect. Width of the line defect of 
this embodiment can be represented by a constant 



number - times of the normal width W. The photonic 
crystal itself has the photonic band-gap between a 
wavelength 1,35u.m and a wavelength 1.57pm. Thus, 
transmission of light was not observed In a part having 

5 no defect in the crystal within the wavelength range, 
Next, light transmission spectrum for each line defect 
was measured. As for a simple (normal) single line de- 
fect {the width is 1 .OW), light transmission was not ob- 
served in the photonic bad-gap frequency range. O n the 

10 other hand, when using a waveguide having the width 
of 0.7W, light transmission was clearly observed In afre* 
quency range of the photonic band-gap. 
[0058] Fig. 6 shows a dispersion relation of waveguid- 
ing modes of the single mlsslng-hole line defect photon- 

is |c crystal waveguide according to the first embodiment 
of the present invention. Fig. 2 can be represented as 
Fig. 7 for comparing with Fig.S.The light line of the clad- 
ding (SiO g In this embodiment) is overlaid on Fig. 7 like 
in Fig.6. As shown in Fig.7, a waveguiding mode (which 

20 corresponds to the mode 1 in Fig.4) below the light line 
of the normal waveguide (the width is 1 ,0W) has small 
Inclination, On the other hand, according to the present 
Invention shown In Flg.6, a waveguiding mode which 
has large inclination, that Is, which has large group ve- 

25 locity exists below the light line in the photonic band- 
gap. In addition, it Is clear from the figure that the single- 
mode condition is satisfied in the region. 
[0059] A wavelength region in which light transmis- 
sion was detected in an experiment is the same as the 

so region where this waveguiding mode exists. This shows 
that the light transmission is realized since the single 
waveguiding mode having large group velocity is formed 
by decreasing the width of the line defect (optical 
waveguide part). As a result of calculating waveguiding 

as mode dispersion by a finite-difference time-domain 
method and the plane wave expansion method by using 
various structural parameters, it was found that a 
waveguiding mode having large group velocity below 
the light line can be formed when the width of the line 

4Q defect (optical waveguide part) is set as a value from 
0.50W to 0.85W. In addition, light propagation was ob- 
served within the width range in experiments. 
[0060] Figs. B A and 8B show results of theoretical cal- 
culation of waveguiding mode dispersion in the cases 

45 where the width of the optical waveguide part is 0.S5W 
and 0.5DW. Fig.SA shows the case of 0.S5W and Fig.Sb 
shows the case of 0.50W. When the width of the optica! 
waveguide part is a value between 0.85W and 0.50W> 
the transmission bandwidth of the waveguiding mode is 

50 wider than those of the cases shown in Figs.SA and SB 
as shown In Fig.6 (0.7W), for example. Therefore, It can 
be understood that thewaveguide having the line defect 
within the width range practically functions. 
[0051] The reason that the above-mentioned effect 

55 can be obtained by narrowing the width is as folJows. 
[00S2] As described in the related art, in the typical 
(normal) single-line defect state as shown in Fig,2> the 
mode (circled mode In Flg.2) In the low frequency region 
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below the light line within the photonic band-gap has 
very small group velocity. Thus, this mode Is not practi- 
cal. Here, a waveguldlng mode In the outside of the 
band-gap having large group velocity is considered. 
[0063] To n arrow th e width of th e II ne defect is equ lv- 
alent to decreasing refractive index. Thus, the mode of 
the lowest mode in Fig.2 can be shifted to the high fre- 
quency side by narrowing the width. Accordingly, this 
mode can be used within thephotonic band-gap and be- 
low the light line. Therefore, It becomes possible that a 
mode having large group velocity can be realized within 
the band gap and below the light line, 
[0064] The refractive index of the waveguide can also 
be lowered by using a medium of low refractive index In 
the waveguide part, by providing holes in the line defect 
and the like. A method corresponding to providing holes 
in the line defect will be described in the third embodi- 
ment, 

<Second embodiment 

[0065] Next, the second embodiment of the present 
invention will be described. 

[0066] Figs.9Aand 9B are figures showing a structure 
of a single missing-hole line delect photonic crystal 
waveguide 1 A according to a second embodiment of the 
present Invention. Flg.&A shows a top view and Flg.9B 
shows a B-B l section view, in this embodiment, when 
forming single line defect in an two-dimensional photon- 
ic crystal slab on oxide cladding, width of the line defect 
is widened by shifting the whole crystal lattice of both 
sides of the line defect. As a result, single waveguldlng 
mode having a large group velocity can be obtained 
above the light line of the cladding. 
[0067] That Is, an air-hole triangle lattice photonic 
crystal of lattice constant a-Q,39|im was manufactured 
on an SOI substrata consisting of an Si Iayer2 of 0.2um 
thickness and an SiOg layer of 2,3 £m thickness by elec- 
tron beam lithography and dry etching, and, various sin- 
gle line defects of various widths were applied to the air- 
hole triangle lattice photonic crystal. Tuning of thewidth 
of the optical waveguide part Is performed by shifting 
crystal lattices of both sides of the line defect by a pre- 
determined distance in a direction perpendicular to the 
line defect such that the width is widened. 
[0068] According to the embodiment, the width of the 
optical waveguide part is 1 .5 times of the normal width 
of a normal optical waveguide part. 
[0069] Also in this case, the normal width of the line 
defect of a normal single missing-hole line defect phot- 
onic crystal waveguide is defined as a distance between 
centers of nearest lattice points 4 of both sides of the 
line defect of a normal single missing-hole line defect 
photonic crystal waveguide. Width of line defect of this 
embodiment can be represented by a constant number 
- times of the normal width W. The photonic crystal itself 
has the photonic band-gap between a wavelength 
1 .35^m and a wavelength 1.57u.m. Thus, transmission 



of light was not observed In parts having no defect In the 
crystal within the wavelength range, 
[0070] Next, light transmission spectrum for each line 
defect was measured. As for a simple (normal) single 

5 line defect (the width is 1 .OW), light transmission was 
not observed In the band-gap frequency range. On the 
other hand, when using a waveguide having the width 
of 1 ,5W, lighttransmission was clearly observed In a fre- 
quency band in the band-gap. 

10 [Q071] Flg.10 shows a dispersion relation of 
waveguldlng modes of the single missing-hole line de- 
fect photonic crystal waveguide according to the second 
embodiment of the present invention. The light line of 
the cladding (Si0 2 in this embodiment) Is overlaid on 

15 Fig.1 o like Fig.2. The wavelength 1 region in which light 
transmission was observed by an experiment is the 
same as a region within which an even mode exists In 
the single-mode region in Fig.10. Inthiscase, theslngle- 
mode region exists in the photonic band-gap above the 

20 light line. However, in this embodiment, the problem of 
light leaking Is solved by widening thewidth of the optical 
waveguide part si nee diffraction loss decreases. That is, 
a waveguldlng mode of low loss can be obtained al- 
though the waveguiding mode exists above the light 

25 line. 

[0072] Flg.11 shows dependence of bandwidth of sin- 
gle-mode above the light line (shown by dotted line) and 
propagation loss (shown by solid line) on the width of 
the optical waveguide part according to the second em- 

30 bodimentof the present Invention, The bandwidth is nor- 
malized by a central frequency of the single-mode band. 
As shown in Flg.11 , as the width is widened, the band- 
width of the single-mode decreases after increasing, 
and, then, the single-mode bandwidth can not be ob- 

35 tafned when the width exceeds 1 .6w. The reason that 
the single-mode bandwidth changes In this way is that 
the mode in the photonic band-gap in Fig.1 Oshiftsto the 
low frequency side by widening the waveguide width. 
The propagation loss decreases as the width is wid- 

40 ened, 

[0073] As a result of calculating waveguldlng mode 
dispersion by the finite-difference time-domain method 
by using various structural parameters, Itwas found that 
a waveguiding mode satisfying the single-mode condi- 

45 tion can be formed above the light line when the width 
Is set to a value equal to or smaller than 1 .6W, and the 
propagation loss becomes equal to or smaller than 
20dB/mm which is a practical loss when thewidth Is set 
to a value equal to or larger than 1 .3W. In addition, light 

so propagation was observed within the width of this range 
In experiments. That Is, by setting the waveguide width 
as a value from 1 .3W to 1 .6W, the waveguiding mode 
which satisfies the single-mode condition and suppress- 
es propagation loss below the practical loss can be ob- 

55 tained. 

[0074] It is difficult to realize a structure having a 
waveguldlng mode of large group velocity in the low fre- 
quency side of the light line when the width Is widened. 
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However, since perturbation caused by the crystal peri- 
odicity becomes small by widening the width of the 
waveguide part, the group velocity Is increased and the 
diffraction loss Is suppressed. As a result, as shown In 
Fig. 10, propagation loss can be effectively decreased 
even though the single-mode exists above the light line 
(the high frequency side), However, since effective re- 
fractive index of the waveguide Increases as the width 
is widened, the single-mode band shifts to the low fre- 
quency side as mentioned above so that the single- 
mode bandwidth becomes narrow gradually. Therefore, 
it is necessary that the width Is equal to or smaller than 
1 *6W for realizing the single-mode. 
[0075] In the following, a calculation method of 
waveguiding mode dispersion curves (Flgs.6, 7, 10 and 
the like) which are used for explanation of the present 
Invention will be described. 

[0076] The dispersion curve can be obtained by ana- 
lyzing the Maxwell equation by using a calculation meth- 
od called FDTD method {Finite-difference Time-domain 
method). In the following, the analyzing method will be 
described. 

[0077J First, analysis on electron band structure in or- 
dinary crystals and the like will be described. 
[0078] A periodic structure like crystal can be repre- 
sented by repetition of a unit cell. It is well known that 
thefield In such structure becomes Bloch wave. In band 
analysis, periodic boundary condition satisfying Bloch 
condition Is applied to boundary of unit cells and fields 
which satisfies the condition are extracted as elgen- 
modes. At this time, the subject to be analyzed is 
Schrodinger equation. Since distribution of spatial po- 
tential Is different according to material, various band 
structures may exist This Idea is applied to the photonic 
crystal which is a periodic dielectric structure. However, 
si nee the subject is light instead of electron, the equation 
to be considered is the Maxwell equation and refractive 
Index (dielectric constant) distribution Is used for calcu- 
lation instead of potential distribution. 
[0079] Next, a metho d of extract! ng the eigenmode by 
using the FDTD method will be described. By the FDTD 
method, the Maxwell equation is dtscretized in time and 
space into finite-difference equations, and electromag- 
n eticf reld of light propagating in the structure (space dis- 
tribution of the refractive Index) is obtained by sequential 
calculation. That Is, the FDTD method Is not a method 
for directly obtaining the eigenvalue. However, the 
method can obtain modes of a given structure In the fol- 
lowing way 

[0060] First, a proper initial field is given in the struc- 
ture. After performing the sequential calculation, fields 
applicable for the structure survive and other fields are 
not selected. By performing Fourier conversion on time 
variation of the field, frequency spectrum can be ob- 
tained. When there is afield applicableforthe structure, 
a peak appears in the frequency spectrum. Since the 
Bloch condition used In the calculation is a function of 
wave number, the frequency at which the peak appears 



becomes a function of wave number. The band figure of 
the photonic crystal can be obtained by showing the 
function. 

[0081] Next, mode calculation of the two-dimensional 
5 photonic crystal waveguide will be described. Basically, 
the same calculation as the above-mentioned one is 
performed. However, in the photonic crystal used in the 
present invention , the line defect is incorporated in the 
Inside of the crystal so that the periodicity is disturbed 
fo in the direction perpendicular to the line defect. There- 
fore, a structure shown In Flgs.12A-12C is used as the 
unit cell. That is, the periodic boundary condition which 
satisfies the Bloch condition is applied in the propaga- 
tion direction of the light In the direction perpendicular 
1 s to the light propagation direction, periodic structure is 
realized by using mirror boundary in which waveguides 
are placed such that large interference does not occur, 
and a region for absorbing leaking light which does not 
become a mode is provided in the thickness direction. 
[0082] Fig.1 2A shows the structure of Flg,1 . Fig. 1 2B 
is a magnified view of a part In a dotted line box of Fig. 
1 2A, and Fig. 1 2C shows stereoscopic view of the struc- 
ture of Fig ,1 28 which is the unit cell of the photonic crys- 
tal waveguide. The wave number -frequency graph can 
be obtained by solving the Maxwell equation by the 
FDTD method for the unit cell. The graph Is the disper- 
sion curve described In this specification. 
[0083] In this calculation, a mode other than the ei- 
genmode can be picked up as a peak of the spectrum 
if the mode exists for a long time in the waveguide. 
Therefore, analysis for the leaky mode which is above 
the light line of the cladding layer becomes available. 
This feature of this method Is an advantage point which 
can not be obtained by other eigenvalue analysis meth- 
ods. This superiority is applied in this Invention. In ad- 
dition, since lifetime of waveguiding modes in the 
waveguide can be calculated according to this calcula- 
tion method, theoretical propagation loss can be pre- 
sented by using group velocity (energy propagation ve- 
locity) obtained by the dispersion curve. 
[0084] Forthe waveguide in which the width of the op- 
tical waveguide part Is narrowed, it was recognized that 
the single-mode region exists not oniy in the low fre- 
quency side of the light line but also in the high frequen- 
cy side of the light line, 

[0085] In the first and second embodiments, the 
waveguides can be manufactured by using, for exam- 
ple, the Siilcon-On-Jnsulator(SOI) using SI and SI0 2 as 
the medium. However, it is clear that the effect of the 
present invention can also be obtained by using other 
materials. Generally, when forming a single-line defect 
waveguide by using the photonic crystal slab In which a 
dielectric of low refractive index is placed under thin-film 
medium of high refractive Index, it is possible to form a 
waveguiding mode which satisfies the single-mode con- 
dition above or below the light line by adjusting the width 
like the above-mentioned embodiments. 
[0086] For example, semiconductor such as gallium 
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arsenide base compound (GaAs, InGaAs, inGaAsP and 
the like), indium phosphide base compound (inPandthe 
like) and the like can be used instead of SI. In addition, 
polymer, alumina and the like can be used Instead of 
SI0 2 . Further, although S10 2 is used as the bottom clad- & 
ding and air Is used as the top cladding In the embodi- 
ments, it is clear that same effect can be obtained if di- 
electric cladding such as SI0 2 is used for both of the top 
and bottom claddings. 

<Thlrd embodiment 

[00871 Next, the third embodiment of the present in- 
vention will be described by using examples 3-1 - 3-2. 
[0088] In this embodiment, frequency, group velocity 
and the like of waveguiding modes can be improved by 
providing low refractive Index cylindrical columns or low 
refractive index polygon columns in the optical 
waveguide part of the conventional optical waveguide 
described in Figs.3 and 4. 

(Example 3-1) 

[0089] Flgs.1 3A-1 3B are figures for explaining a two- 
dimensional photonic crystal slab waveguide of the ex- 
ample 3-1. Fig,13A shows a top view of the optical 
waveguide, Flg.13B shows an A-A' section view. 
[0090] That is, the structure of this embodiment Is 
formed such that cylindrical columns of dielectric having 
lower refractive index than that of the dielectric thin-film 
slab is placed In a triangle lattice pattern, and that a sin- 
gle line of the columns in the optlcai waveguide part 1 2 
In the optical waveguide 10 Is moved by a half distance 
of the period (lattice constant) of the triangle lattice in 
the propagation direction. In addition, the radius of the 
columns placed in the moved position is changed as 
necessary according to optical waveguide characteris- 
tics. 

[0091 J Here, as an example, it is assumed that refrac- 
tive Indices of the dielectric thin-film slab 1 1 , the low re- 
fractive Index column 15, the top cladding layer 16 and 
the bottom cladding layer 1 7 and the low refractive index 
column A1 3 are ^=3.5, n 2 =1.0, n 3 ^n + =1.46, n 5 =1.0 re- 
spectively, and that radius of the low refractive index col- 
umn 15 Is 0.275a and thickness of the dielectric thin-film 
slab 11 Is 0.50a, the radius of the low refractive index 
column A13 placed in the optical waveguide part 12 is 
0.225a. Characteristics of the optical waveguide 10 will 
be described in the following. 

[0092] Figs.14A-14C are figures for explaining 
wavegulding modes in the photonic crystal waveguide 
in the example 3-1 . Fig. 1 4A shows dispersion curves ol 
wavegulding modes. Fig.14B shows magnetic field 
component perpendicular to the dielectric thin-film slab 
in modes 1 and 2 shown in Fig.14A, and Fig.14C shows 
magnetic field component perpendicularto the dielectric 
thin-film slab in a mode 3 shown in Flg.14A. 
[0093] In this case, Flg.14A shows dispersion curves 



of wavegulding modes which can pass through the op- 
tical waveguide part 12. As shown in Flg f 14A, three 
wavegulding modes exist. As shown in Fig.14B, elec- 
tromagnetic field distribution of the mode 1 and mode 2 
which are first and second modes from low frequency 
side Is similar to that of a general single-mode 
waveguide. Especially, in the second mode (mode 2), 
change amount of frequency with respect to propaga- 
tion constant [s large in the whole effective propagation 
constant region. As a result, effective frequency band js 
enlarged to about 4.7% and the group velocity increas- 
es. 

[0094] When this structure is applied to infrared light 
for optical communication near 1 .55|im, and, when Si is 
used for the dielectric thin-film slab 11 4 air (or vacuum) 
Is used for the low refractive Index column 15 and for 
the low refractive Index column A13, and SI0 2 Is used 
for the other parts, the period of the triangle lattice be- 
comes about 0.42u.m, the radius of the low refractive 
index columns 15 becomes about 0.11 5|xm, the radius 
of the low refractive Index column A1 3 placed in the op- 
tical waveguide part 12 becomes about 0.094ujti. This 
structure having these values can be manufactured by 
using a conventional semiconductor processing tech- 
nology. 

[0095] In this example, although the radius of the low 
refractive Index column A13 placed In the moved posi- 
tion In the optical waveguide part 12 Is 0.225a, it Is ob- 
vious that frequency band or group velocity can be 
changed by changing the radius. Considering the struc- 
ture of the optical waveguide 1 0 r that is, considering a 
range in which the low refractive index columns A13 
placed In the optical waveguide part 12 and other low 
refractive index columns do not contact with each other, 
It Is practical that the radius of the low refractive Index 
column A13 is about 0.1 - 0.4 times of the minimum 
width Df the optical waveguide part 12. 
[0096] In addition, although the cylindrical columns of 
low refractive Index are provided In a triangle lattice pat- 
tern in order to form the photonic crystal in the outside 
of the optical waveguide part 1 2, polygon columns such 
as rectangle columns or hexagonal columns can be 
used instead of the cylindrical columns and same effects 
can be obtained. In addition, as for the range of the ra- 
dius of the cylindrical columns or the polygon columns, 
the same effect can be obtained within a range In which 
photonic band-gap can exist When refractive Index of 
the dielectric thin-film slab Is about from 3.0 to 4.5 and 
refractive index of the low refractive index parts is from 
about 1 to about 1 .7, the radius of the columns is about 
from 0.2a to 0.45a, and it is more practical and effective 
that the radius of the columns Is from 0.275a to 0.375a. 
[0097] ln addition, although cylindrical columns are 
used for the low refractive index columns A1 3 which are 
placed in a moved position in the optical waveguide part 
12 in the above-mentioned example, same effect can 
be obtained when ellipse columns or polygon columns 
are used Instead of the cylindrical columns. 
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[0098] In addition, the refractive index of the columns 
for forming the photonic crystal, the refractive Index of 
the cladding, and the refractive Index of the columns In 
the optical waveguide part may be the same or may be 
different as long as they are lower than that of the die- 
lectric thln-fllm slab. In any case, the same effect can 
be obtained. 

[0099] As for materials, when infrared light for com- 
munication near 1.55ujti wavelength is used as 
waveguide light, silicon, germanium, gallium arsenide 
base compound, Indium phosphide base compound, in- 
dium antimony base compound and the like can be used 
as the material of the dielectric thin-film slab which has 
high refractive index, can transmit infrared light and has 
few problem In manufacturabliity and stability. The re- 
fractive Index of the materials Is about from 3.0 to 4.5. 
In addition, silica, polylmide base organic compound, 
epoxy base organic compound, acrylic base organic 
compound r air and vacuum and the like can be used as 
the material of the parts other than the dielectric thln- 
fllm slab which has low refractive index, can transmit In- 
frared light and has few problem in manufacturability 
and stability. The refractive index of these materials Is 
about from 1 .0 to 1 .7. 

[0100] These materials can be also used in the first 
embodiment and the second embodiment in the same 
way. in addition, the two-dimensional photonic crystal 
slab waveguide of the third embodiment can be manu- 
factured by using the Slticon-On-lnsulator(SOI) sub- 
strate. 

(Example 3-2) 

[0101] Figs.1 5A-1 SB are figures for explaining a two- 
dimensional photonic crystal slab waveguide of the ex- 
ample 3-2. Fig.15A shows a top view of the optical 
waveguide, Fig. 1SB shows an A-A' section view. 
[01 02] in the example 3-1 , although low refractive in- 
dex region of cylindrical columns or polygon columns is 
provided in the outside of the optical waveguide part 12 
in the triangle lattice pattern In orderto realize the pho- 
tonic crystal, same effect can be obtained by using a 
square lattice pattern as shown in Fig.1 5A instead of the 
triangle lattice pattern. That is, in a structure in which 
low refractive index columns 25 having lower refractive 
Index than that of the dielectric thin-film slab 21 are pro- 
vided in thesquare lattice pattern and the dielectric thin - 
film slab 21 is sandwiched by a top cladding layer 26 
and a bottom cladding layer 27 having lower refractive 
index than that of the dielectric thin-film siab 21 1 a single 
line of the low refractive index columns 25 which exists 
in a part to become an optical waveguide part 22 Is 
placed In a position moved by a half distance of the lat- 
tice constant of thesquare lattice from the normal lattice 
position in the optical propagation direction, in addition, 
the radius of the moved low refractive index columns is 
changed as necessary according to waveguide charac- 
teristics. 



[0103] The range of the radius of the low refractive 
index columns for providing the photonic crystal can be 
a range which allows existence of photonic band-gap. 
According to theoretical calculation by the plane wave 
5 expansion method, when the refractive index of the di- 
electric thin-film slab 21 Is about from 3 to 4.5, and the 
refractive index of the other parts is aboutfrom 1 to 1 ,7, 
the radius of the low refractive Index columns 25 is about 
from 0.35a to 0,45a. 

[0104] In addition, matters on improvement of 
waveguide characteristics, shape of the low refractive 
index column, refractive Index of each part, andrhaterial 
of each part described in the example 3-1 hold true in 
this example since the principle is the same between 
the examples. 

<Effect of the present invention> 

[0105] As mentioned above, the two-dimensional 
photonic crystal slab waveguide of present invention is 
formed such that a part of holes In a lattice structure of 
a two-dimensional photonic crystal slab do not exist lin- 
early so that a line defect Is formed, and that a first width 
which Is a distance between centers of nearest two lat- 
tice points located on both sides of the line defect is nar- 
rower than a second width which is a distance between 
centers of nearest two lattice points located on both 
sides of a line defect in a normal two-dimensional pho- 
tonic crystal slab waveguide which simply lacks holes 
of a single line. Therefore, an optical waveguide which 
can form a single wavegu id ing mode having large group 
velocity below the fight line can be provided. 
[0106] In addition, by forming the two-dimensional 
photonic crystalslab waveguide such that thefirst width 
Is wider than the second width, an optical waveguide 
which can form a single waveguiding mode having low 
loss above the light line can be provided. 
[0107] Also, by shifting positions of low refractive In- 
dex columns which form one line of the lattice of the two- 
dimensional photonic crystal slab In the optical propa- 
gation direction, or, in addition to that, by changing the 
radius of the columns, it becomes possible to provide 
an optical waveguide which can form a single waveguid- 
ing mode having large group velocity below the light line. 
[0108] Therefore, according to the present invention, 
microminiaturized optical waveguide structure which 
improves group velocity and has small loss can be pro- 
vided, 

[0109] The present Invention ts not limited to the spe- 
cifically disclosed embodiments, and variations and 
modifications may be made without departing from the 
scope of the invention. 



1 . A two-dimensional photonic crystal slab waveguide 
In which a part of holes in a lattice structure of a two- 
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dimensional photonic crystal slab do not exist line- 
arly so that a line defect is formed, characterized 
in that: 

a first width which Is a distance between cent- 
ers of nearest two lattice points located on both 
sides of said line defect is different from a sec- 
ond width which Is a distance between centers 
of nearest two lattice points located on both 
sides of a line defect in a normal two-dimen- 
sional photonic crystal slab waveguide which 
simply lacks holes of a single line. 

2. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 1 , wherein said first 
width is a value from 0.5 times to 0.85 times of said 
second width. 

3. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 1 , said lattice struc- 
ture Is formed by air-hole triangle lattices, 

4. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 2, said two-dimen- 
sional photonic crystal slab waveguide includes an 
oxide cladding or a polymer cladding. 

5. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 4, wherein said two- 
dimensional photonic crystal slab waveguide is 
formed by using a Silicon-On-lnsulator (SOI) sub- 
strate. 

6. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 1 , wherein said first 
width is wlderthan satd second width in which asin- 
gla-mode appears in a high frequency side of a light 
line of cladding in a dispersion relation ofwaveguid- 
ing modes of said two-dimensional photonic crystal 
slab waveguide having said first width. 

7. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 6, wherein said first 
width is a value from 1 .3 times to 1 .6 times of said 
second width. 

8. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 7 t said lattice struc- 
ture ts formed by air-hole triangle lattices. 

9. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 7, said two-dimen- 
sional photonic crystal slab waveguide includes an 
oxide cladding or a polymer cladding. 

10. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 9, wherein said iwo- 
dimenslonal photonic crystal slab waveguide Is 



formed by using a SillconOn-lnsulator (SOI) sub- 
strate. 

11. A two-dimensional photonic crystal slab waveguide 
s in which dielectric cylindrical or polygon columns 

having lower refractive index than that of a dielectric 
thin-film slab are provided in said dielectric thin-film 
slab in a two-dimensional lattice pattern, and said 
dielectric thin-film slab Is sandwiched by a top clad- 
10 ding layer and a bottom cladding layer which have 
lower relractive index than that of said dielectric 
thin-film slab, characterized in that: 

dielectric columns in an optical waveguide part 
*s in said two-dimensional photonic crystal slab 

waveguide are located at positions which are 
shifted in an optical propagation direction from 
positions at which said dielectric columns 
should be positioned in a normal two-dimen- 
so sional photonic crystal slab, 

12. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 11 , wherein: 

25 a first diameter of said dielectric columns in said 

optical waveguide part Is different from a sec- 
ond diameter of other dielectric columns locat- 
ed In parts other than said optical waveguide 
part, and said first diameter Is a value by which 

so said dielectric columns does not contact with 

said other dielectric columns. 

13. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 11 , wherein each di- 
ss electric column of dielectric columns In said optical 

waveguide part Is apart from a position at which said 
each dielectric column should be positioned in said 
normal two-dimensional photonic crystal slab by a 
h alf of th e lattice constant of said normal two-dirnen- 
40 sionai photonic crystal slab. 

14. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 11, wherein said di- 
electric cylindrical or polygon columns are arranged 

45 in a triangle lattice pattern having a lattice constant 
"a", a radius or a half -breadth of said dielectric cy- 
lindrical or polygon columns is from 0.2a to 0.45a, 
and said radius or half -breadth is determined such 
that said dielectric cylindrical or polygon columns 
so do not contact with dielectric columns in said optical 
waveguide part, 

15. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 14, wherein: 

55 

a refractive index of said dielectric thin -film slab 
is from 3.0 to 4.5, and each of refractive indices 
of parts other than said dielectric thin-film slab 
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Is from 1.0 to 1 .7. 

16. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 11, wherein said di- 
electric cylindrical or polygon columns are arranged 5 
in a square lattice pattern having a lattice constant 
"a", a radius or a half-breadth of said dielectric cy- 
lindrical or polygon columns is from 0.35a to 0.45a, 
and said radius or half-breadth Is determined such 
that wherein said dielectric cylindrical or polygon « 
columns do not contact with dielectric columns In 
said optical waveguide part. 

17. The two-dimensional photonic crystal slab 
waveguide as claimed in claim 16, wherein: *5 

a refractive index of said dielectric thin -film slab 
is from 3.0 to 4.5, and each of refractive indices 
of parts other than said dielectric thin-film slab 
[s from 1.0 to 1.7. so 

18. The two-dimensional photonic crystal slab 
waveguide as claimed In claim 11 , wherein: 

silicon, germanium, gallium arsenide base 25 
compound, indium phosphide base compound, 
or Indium antimony base compound Is used as 
a material of said dielectric thin-film slab, and 
silica, polyimlde base organic compound, 
epoxy base organic compound, acrylic base or- so 
ganic compound, air or vacuum is used as a 
materia! of parts other than said dielectric thin- 
film slab. 

19. The two-dimensional photonic crystal slab 35 
waveguide as claimed in claim 18, wherein said 
two-dimensional photonic crystal slab waveguide is 
formed by using a Silicon-On-lnsulator (SOI) sub- 
strate. 
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